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Starch is the primary component of wheat endosperm (Triticum aestivurn L.) and the characteristics of the starch are important factors controlling bread weight (Sahlstrom et al 2003b) and texture of noodles (Toyokawa et al 1989) . Waxy (amylose-free) wheats have been developed through classical breeding and genetics (Graybosch et al 2003) . Many uses have been suggested for waxy wheat, including as a source of blending flour to improve shelf life stability, processing quality, or palatability of baked and sheeted wheat products (Lee et al 2001) , or as a substitute for waxy maize in the production of modified starches (Reddy and Seib 2000) .
Starch amylose is synthesized through the activity of the granulebound starch synthase (GBSS). In wheat, there are three structural genes encoding isoforms of GBSS. Naturally occurring mutations (null alleles) resulting in the loss of one or more GBSS isoforms have been identified. The presence of one or two GBSS null alleles results in the production of starch with reduced amylose content (Graybosch 1998) . Reduced amylose wheats are called partial waxy. Little information exists about the effect of partial waxy starch on bread quality. Waxy wheats carry null (nonfunctional) alleles at the three loci encoding the GBSS (Nakamura et al 1995) , also known as the waxy protein. GBSS catalyzes the synthesis of amylose. Waxy lines produce endosperm starch consisting only of amylopectin.
Amylopectin structure of waxy wheats is similar to that of wildtype and partial waxy wheats. No differences in amylopectin branching frequencies or degree of polymerization of amylopectin chains were detected (Yasui et al 1996; Hayakawa et al 1997) . X-ray diffractograms showed that the waxy starch granules have a higher ratio of crystalline to amorphous regions (Hayakawa 1997; Kim et al 2003) . Waxy starch had little integral starch lipid, no doubt due to the absence of amylose with a subsequent loss of amylose-lipid complexes that contain the majority of starch lipids. Kim et al (2003) found that T. (onset of gelatinization) were significantly different between waxy starch, partial waxy starch, and ing peak time and pasting temperature compared with A-and B-granules from partial waxy and wildtype starch. Waxy wheat flour has much higher water absorption compared with partial waxy and wildtype flour. No significant difference in hearth bread baking performance was observed between wildype and partial waxy wheat flour. Waxy wheat flour produced hearth bread with significantly lower form ratio, weight. a more open pore structure, and a bad overall appearance. Baking with waxy, partial waxy, and wildtype wheat flour had no significant effect on loaf volume. normal starch. In studies performed by Hayakawa et al (1997) and Yasui et al (1996) , measured enthalpy (AHJ) was higher in waxy wheat starch. Using waxy wheat from soft wheat cultivars. Kim et al (2003) found that waxy wheat starch had the lowest enthalpy. Kiribuchi-Otobe et al (1997) studied the functional properties of waxy wheat starch using a Rapid Visco Analyser (RVA) and found that waxy wheat starch reached a peak viscosity at 84°C, 10°C lower than normal wheat starch. In addition, waxy wheat starch had a higher peak viscosity but lower setback than normal wheat starch. Kim et al (2003) obtained similar results.
Starch and A-and 13-granule fractions were purified from bread wheat flour (Sahlstrom et al 2003b) . Differential scanning calorimetry (DSC) measurements showed that A-granules had the highest gelatinization enthalpy and lowest onset (T,) and peak (Tn) temperatures; 13-granule fraction had the highest amylose/lipid complex enthalpy and the lowest Tao. Measuring the pasting properties with RVA showed that A-granule fractions have the highest peak, minimum, breakdown, final, and setback viscosity. However, a detailed study of A-and 13-granules gelation and pasting properties from waxy and partial waxy bread wheat flour has not been made. Work in our laboratory has shown that small A-granules had a great impact on hearth bread characteristics weight and form ratio (Sahlstrom et al 1998) . In addition DSC measurements and pasting properties measured with RVA of purified A-granules explained 81 and 69%, respectively, of the total variance in hearth bread baking data for weight (Sahlstrom et al 2003b) .
The aim of this study was therefore to purify starch and A-and 13-granules from waxy wheat, partial waxy wheat, and normal bread wheat flour. For each starch fraction, the starch granular size distribution, gelatinization, pasting, and gelation properties was measured. The purpose was also to test the practical applications for breadmaking.
Milling of Wheat Samples
Moisture content was determined by Approved Method 44-15A (AACC International 2000). Each wheat sample was conditioned 20-24 hr to 15.2% moisture content. If the moisture content was <11%, the wheat sample was conditioned in two steps: step I for <11-12.5% and step 2 for 12.5-15.2% and total time 40-48 hr. Samples (1,000 g) were milled individually on a laboratory flour mill (Buhler Brothers, Uzwill, Switzerland) . Flour collected from the break rolls and the reduction rolls was used in this study. Extraction rate or flour yield were calculated from scale weights and expressed as % of total products recovered from the mill.
Grain and Flour Analyses
Moisture content was determined as described by Sahlstrom et al (2003a) . Protein content (N x 5.7, dry weight basis) was analyzed on flour (Bicsak 1993) . Falling number (FN) was determined using Falling Number model 1800 (Falling Number AB, Huddinge, Sweden). Mixing characteristics were analyzed by a farinograph (ISO International Standard 5530-1, 1978 ) that used a mixing speed of 63 rpm and by a farinograph speed of 126 rpm. The amount of water was added according to the standard farinograph analyses for both methods. Commercial kits (Megazyme International Ireland Ltd., Bray, Ireland) were used to measure mechanically damaged starch, total amount of starch, and 0-glucan content.
Experimental Baking
The experimental baking was a small-scale baking test using a 50-g farinograph bowl operated at 126 rpm. The baking procedure and measurements of the bread characteristics were as described by Frgestad et al (2000) and Sahlstrom et al (2003a) .
Purification and Characterization of Starch Fractions
The starches from the flours were isolated by the method of McDonald and Stark (1988) and Sahlstrom et al (1998) . A-and B-granule fractions were prepared as described by Soulaka and Morrison (1985) and Sahlstrom et al (2003h) . Starch granule size distribution was determined by using a multisizer analyzer (model 2, Coulter Counter) as described by Sahlstrom et al (2003b) . Starch gelatinization, pasting, and gelation properties were assessed using a Rapid Visco Analyser (RVA, Newport Scientific) following a procedure described by Walker et al (1988) with a modified temperature program (Sahistrom et al (2003b) . Thermal properties of starch fractions were measured by differential scanning calorimetry (DSC 30 5, Mettler Toledo AG, Schwerzenbach, Switzerland) as described by Sahlstrom et al (2003b) . Amylose content of the different starch fractions was determined by the method of Knutsen and Grove (1994) .
Statistical Analysis
The data were analyzed by ANOVA using the GLM procedure (v.6.08, SAS Institute, Cary, NC). The Tukey test (P = 0.05) was performed to determine minimum significant differences (MSD). Simple correlations and analysis of variance between starch fractions and hearth bread characteristics were performed (release 14, Minitab, State College, PA)
RESULTS AND DISCUSSION

Grain and Flour Analysis
Sound flour was used with a Falling Number (FN) >300 sec for flours from partial and nonwaxy wheats. The FN of waxy wheat flours averaged 75 sec. Similar results were reported by Graybosch et al (2000) , who found an average FN of 71 sec for 40 waxy wheat samples. RVA testing revealed that wheat flours possessed the typical viscoelastic properties of waxy, partial waxy, and wildtype wheat flours as reported by Hayakawa et al (1997) and Kim et al (2003) . Waxy wheat flour swelled rapidly and took less time to reach a significantly higher peak viscosity than partial waxy and wildtype wheat flours (data not shown). If the flour was damaged by sprouting, the viscoelastic properties such as peak Viscosity would be low. The RVA results obtained showed that this was not the case. The waxy wheat cultivars were harvested at the same time and from the same area as the nonwaxy and partial waxy wheat cultivars and should therefore he without sprouting damage. All wheat samples were conditioned and milled using the same conditions. Differences in extraction rate were observed: waxy wheat had the lowest extraction rate (61.1%); 2xnull (70.8%), and wildtype (70.4%) had the highest (Table I) . Also, Graybosch et al (2003) found that waxy wheat gave lower flour Values in the same column followed by different letters are significantly different (P < 0.05). C Values in the same column followed by different letters are significantly different (P !^ 0.05).
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yield compared with nonwaxy and partial waxy wheats. Only small differences in starch content and protein content among waxy, partial waxy, and wildtype flours were observed. Waxy wheat flour has significantly higher water absorption (Table 11 ). No significant difference in water absorption was observed between partial waxy and wildtype flours. These results indicate that mutations resulting in the loss of one or two GBSS isoforms have no effect on water absorption. Several investigations (Sasaki and Matsuki 1998; Abdel-Aal et al 2002; Bhattacharya et al 2002; Morita et a! 2002) have shown that waxy wheat flour has significantly higher water absorption. In our study, waxy wheat flour also contains a significantly higher percentage of damaged starch and 3-glucans (Table I) , which can contribute to higher water absorption. Compared with high-quality bread flour, waxy wheat flours formed intermediate strength doughs that require significantly less time and work to develop, as indicated by the farinograph test (Table II) . Similar results were obtained by (Sahlstrom et al 1998 (Sahlstrom et al , 2003b .
Average B-granule content recovered by weight after purification was a little higher (data not shown) than data presented for 13-granules from normal wheat (Sahlstrom et al 2003b) . Some variation was found in the mean volume diameters and specific surface area of A-and B-granules purified from waxy, partial waxy, and wildtype starches (data not shown). However, this variation in Coulter Counter data was not significant. Values for Agranule mean volume and diameter were slightly lower than for A-granules purified earlier (Sahlstrom et al 2003b) .
Amy lose Content of Starch and Starch Fractions
The data in Table III shows that A-granules have significantly (P 0.1) higher amylose content than B-granules. A-granules from axnull, bxnull, wildtype, and 2xnull contained 30.2-32.3% amylose; 13-granules contained 20.5-24.7% amylose. This observation was consistent with previous reports by Peng et al (1999) and (Eliasson and Larsson 1993) . In this study (Table III) , starch from double null wheat cultivars (2xnull) have slightly lower amylose content than single null wheat cultivars (axnull and bxnull) and wildtype wheat cultivars as reported by Graybosch (1998) .
Differential Scanning Calorimetry
A-granule fraction from wildtype, partial waxy single null (axnull and bxnull), and double null (2xnull) cultivars have significantly (P :^ 0.1) higher gelatinization enthalpy (H]) than B-granules (Table IV) . Similar results were obtained for A-and 13-granules purified from wildtype wheat (Peng et a! 1999; Chiotelli and Le Meste 2002; Sahlstrom et a! 2003b) . In contrast, Soulaka and Morrison (1985) found no difference or only a small difference in gelatinization enthalpy between A-and B-granules from wheat. We found no significant difference in gelatinization enthalpy between A-and B-granules for waxy wheat cultivars (Table IV) . This was not investigated earlier. Both waxy A-and B-granules have significantly higher gelatinization enthalpy compared with partial waxy and wildtype A-and B-granule fraction (Table V) . Other investigators have found significantly higher gelatinization enthalpy for waxy wheat starch compared with wildtype wheat starch (Yasui et a! 1996; Hayakawa et al 1997) .
Significant differences in gelatinization onset temperature (T0) were observed only between A-and B-granules for waxy wheat at 57.4 and 54.4°C, respectively (Table IV) . No differences in gelatinization peak temperature (Tn ) between A-and B-granules were observed. Gelatinization onset and peak temperature were higher in this study compared with results presented earlier (Sahlstrom et a! 2003b) but comparable to results presented by Eliasson and Larsson (1993) .
A-granules from waxy cultivars have significantly higher gelatinization onset and peak temperature (Table V) . No difference in gelatinization onset and peak temperature was observed between partial waxy and wildtype A-and B-granules (Table V) . Yasui et al (1996) observed that waxy wheat starch has significantly higher gelatinization onset and peak temperature. However, Kim et al (2003) found that gelatinization onset and peak temperature were lower for waxy starch compared with wildtype starch. B-granules from partial waxy and wildtype wheat cultivars have significantly (P < 0.1) higher amylose/lipid complex melting enthalpies compared with A-granules from the same cultivars (Table IV) . This is in accordance with results for A-and Bgranules purified from wildtype wheat (Chiotelli et al 2002; Sahistrom et al 2003h) . No amylose/lipid complex was observed for starch fractions obtained from waxy wheat flour (Tables IV  and V) . Amylose/lipid complex melting enthalpy varied significantly between A-granule fractions; A-granules from wildtype had the highest and A-granules from 2xnull had the lowest (Table V) . This difference was not observed for B-granules. In this study, no significant differences were observed in amylose/lipid complex melting onset and peak temperatures (Table V) .
Starch Fraction Pasting Properties
A-granule fraction from partial waxy wheat cultivar axnull had the highest peak viscosity, minimum viscosity (trough), breakdown, final viscosity, and setback; it had lower peak time and pasting temperature compared with B-granule fractions (Table VI) . For wheat cultivars bxnull and wildtype, the difference for pasting parameters of peak viscosity and trough viscosity and between A-and B-granules was also significant. Values in the same column followed by different letters are significantly different (P !^ 005).
If the significance value limit is increased to P = 0.1, this is also valid for partial waxy wheat cultivar 2xnull. RVA pasting temperature was significantly lower for waxy wheat B-granules compared with A-granules. This is different for B-granules from wildtype and partial waxy wheat that have higher pasting temperature than A-granules (Table VI) .
A-and B-granules granules from waxy starch have significantly (P !^ 0.1) higher peak viscosity and breakdown and lower peak time and pasting temperature compared with A-and Bgranules from wildtype and partial waxy starches (Table VII) . In addition. A-granules from waxy starch have significantly lower trough and final viscosity than A-granules from wildtype and partial waxy starches.
The results presented in Table VII are in agreement with results presented by Kirubuchi-Otobe et al (1997) and Kim et al (2003) for purified starch from waxy, wildtype, and partial waxy wheat cultivars.
The last portion of the RVA pasting curve measures the increase in viscosity associated with gelation and retrogradation during cooling. In this process, amylose plays an important role (Thomas and Atwell 1999) . The results presented in Tables VI and VII for final viscosity and setback values for total starch fractions from waxy wheat indicate that the waxy wheat cultivars used in this study contain amylose.
B-granules form partial waxy and nonwaxy starch all have significantly lower amylose content (Table III) but only genotypes axnull and bxnutl have B-granules with a significantly lower final viscosity than A-granules (Table VI) .
RVA data for B-granules from wildtype, partial waxy, and waxy wheat are similar to RVA data for total starch (Table VI) . This indicates that pasting properties of B-granules dominate results obtained for total starch from wildtype and partial waxy starch.
Effect of Flour and A-and B-Granule Properties on Hearth Bread Characteristics
The effect of using flour from wheat cultivars containing different numbers of GBSS isoforms on hearth bread characteristics is shown in Table VIII and Fig I. Hearth breads with the best quality are presented in Fig. 1 C and D , as judged by a skilled baker. To obtain a high overall appearance score, hearth bread must have a high form ratio value, a nice bread crust, a dense pore structure, and an acceptable loaf volume (Table VIII) . No significant difference in hearth bread baking performance was observed between wildtype and partial waxy (axnull, bxnull, and 2xnull) wheat flour. Waxy wheat flour produced hearth bread with significantly lower form ratio and weight, and a more open pore structure and bad overall appearance. The gelatinization of starch is the most obvious prerequisite for the formation of breadcrumb. Breads baked with glass beads with the same size distribution as wheat starch were used to replace wheat starch produced a bread crumb that collapsed. (Eliasson and Larsson 1993) . Similar results were obtained with waxy wheat flour, which indicates that waxy starch lost the potential to create a normal breadcrumb. The reason for this is not known. Baking with waxy and partial waxy wheat flour had no significant effect on hearth bread loaf volume.
Using simple correlations, a highly negative correlation was observed between flour characteristics (damaged starch content, 3-glucan content, and water absorption) and hearth bread characteristics (form ratio, weight, pore structure, and overall appearance) (Table IX) . Contrary to this study, Holtekjolen (2005) found that increased levels of f3-glucan in barley flour produced hearth bread with increased form ratio levels and weight. The levels of 3-glucan in barley flour used by Holtekjolen (2005) was 10 times higher than in wheat flour. Damaged starch absorbs twice its own weight of water in contrast to undamaged starch, which only absorbs Values in the same column followed by different letters are significantly different (P :^ 0.05). 40% of its weight (Stauffer 1998) . The right quantity of water is essential for the formation of gluten and for modifying the dough theology. Increased J3-glucan content and damaged starch contributed to increased water absorption of the flour used (Table I) . Hearth bread produced with waxy wheat flour has a low weight, indicating greater loss of water compared with hearth bread produced from wildtype and partial waxy wheat flour (Table VIII) . Low levels of moisture remaining in baked product is a major contributor to low quality characteristics of bread (Stauffer 1998 ).
Both AHI and T. for A-and B-granules were negatively correlated with form ratio level, weight, pore structure, and overall appearance (Table IX) . This indicates that increased amounts of crystallites in A-and B-granules have a negative effect on hearth bread quality. Using X-ray diffraction, Kim et al (2003) showed that waxy starch has a higher degree of crystallinity than normal starch. Sahlstrom et al (2003a) found that, to obtain a hearth bread with a high weight, the normal wheat bread flour must contain Agranules with low crystallinity or low level AH/ during DSC. Table IX shows that RVA parameters for peak and breakdown viscosity are negatively correlated with form ratio level, weight, pore structure, and overall appearance. Waxy starch swells rapidly at low temperature to high peak viscosity (Table VI) , but then the paste disintegrates quickly. In other words, waxy starch shows a greater degree of pasting and shear thinning compared with nonwaxy starches. Tester and Morrisson (1990) suggested that amy-652 CEREAL CHEMISTRY lopectin is largely responsible for granule swelling. Waxy starch may take up water more quickly than normal starch and induce higher swelling in a shorter time and lower temperature.
Increased amount of amylose increases RVA parameters for trough, final viscosity, setback, peak time, and pasting temperature (Thomas et al 1999) . Table IX shows that trough, setback, peak time, and pasting temperature were positively correlated to form ratio level, weight, pore structure, and overall appearance. This indicates that increased levels of amylose have a positive effect on hearth bread characteristics.
Waxy wheat flours used in this study had a weaker protein quality, as shown in the farinograph data (Table II) . A weaker protein quality for waxy wheat flour could be responsible for the significantly lower form ratio value presented in Table IX . However, Morita et al (2002) using waxy wheat flour with the same farinograph data characteristics as normal wheat flour gave bread with a flat top and wider bottom. Flour characteristics, DSC data. and RVA data of A-and B-granules could not explain any variation in hearth bread characteristic volume (Table IX) .
CONCLUSIONS
No significant difference in hearth bread baking performance was observed between wildtype and partial waxy (axnull, bxnull, and 2xnull) wheat flour. Waxy wheat flour produced hearth bread Fas63 peak, tariuogram peak time when operated at 63 rev/mm (mm); Far63 ds, farinogram dough stability when operated at 63 rev/mm (BU); Wabs, water absorption as measured by farmnograph (mL) according to ISO 5530-I; Far 126 peak, farinogram peak time when operated at 126 rev/mm (mm).
, ', represent P = 0.05, P = 0.0 1, P = 0.001; ns = not significant.
with significantly lower form ratio, weight, a more open pore structure, and a bad overall appearance. Baking with waxy and partial waxy wheat flour had no significant effect on hearth bread loaf volume. Waxy wheat flour has a much higher water absorption and formed intermediate-strength doughs that require less time and work to develop, as indicated by the farinograph test. A-granules purified from wildtype and partial waxy (axnull, bxnull, and 2xnull) starches have significantly higher gelatinization enthalpy and peak viscosity compared with B-granules. A-and Bgranules from waxy starch do not differ in gelatinization, pasting and gelation properties. A-and B-granules from waxy starch have the highest gelatinization enthalpy, gelatinization peak temperature, peak viscosity, breakdown, and lowest pasting peak time and pasting temperature compared with A-and B-granules from partial waxy and wildtype starch. Due to low amylose content, waxy starch is very sensitive to shear thinning and has a high breakdown property. Amylose content in A-granules were significantly higher compared with amylose content in B-granules for all the genotypes. A-and B-granules with high levels of amylopectin or amylose measured as AM (or peak viscosity) were negatively correlated with form ratio level, weight, pore structure, and overall appearance. Increased levels of amylose measured as trough, setback, peak time, and pasting temperature were positively correlated with form ratio level, weight, pore structure, and overall appearance. It can be concluded that wheat flour containing partial waxy starch has no negative effect on hearth bread quality.
